Direct near net shape casting is an attractive process for the production of sheet metal because of its economical profit and the production of a new microstructure due to the fast solidification rate. To explore further advantages of direct near net shape casting, the differences in the mechanical properties between the as-cast and annealed strips of a steel with comparatively high contents of the impurities (Cu, P and S) were investigated in this paper with an emphasis on the microstructural effects. This process not only produced fine microstructures but also resulted in nano-scale copper sulfides. The as-cast strip has higher yield and tensile strengths and maintains high work hardening ability at higher stress levels than that of the annealed strip. Both the as-cast and annealed strips have a superior balance of strength and work hardening ability compared to the strips without the impurities. The nano-scale copper sulfide particles in the as-cast strip contributed most to the increase in the yield strength. The as-cast strip also could not produce the good work hardening ability without the nano-size particles. Further improvements in strength and work hardening ability can be attained by controlling the particles' size and the volume fraction in the strip.
Introduction
Direct near net shape casting is an attractive process for the production of sheet metal. Post-treatment such as heating and/or rolling is omitted, and the faster solidification rates associated with the direct near shape casting may produce new microstructures, 1) which are generally characterized by the finer microstructures. This process may have some advantages as one of the future approaches for the efficient utilization of steel scraps because it considers the detrimental effects caused by the impurities in the scraps.
A lot of published works investigated the mechanical properties of the as-cast steel strips and strips subjected to different types of post-treatments. [2] [3] [4] However, it does not appear that anyone has paid much attention to an interesting fact in their results that the as-cast strips have a higher work hardening ability than that of the annealed strips, as shown in Fig. 1 and Table 1 , where the work hardening ability (TS-YS) is evaluated by the difference between the tensile strength (TS) and the yield strength (YS). The reasons why the as-cast strips have a higher work hardening ability than the annealed strips have not been clarified yet; however, this is believed to be another advantage of the direct near net shape casting.
Strain hardening, which is often represented by the cold formability of the sheet, 5) depends on the way in which the dislocations are accumulated and interact with each other. The dislocation accumulation and interaction are governed by the following factors: 6) (1) The initial grain size; (2) The ability of dislocations to cross slip; (3) The interaction of the dislocations with other microstructural features such as precipitates or solute atoms; (4) The recovery and recrystallization temperature. However, the strain hardening behavior of the as-cast strip has not been investigated in detail until now.
To explore further advantages of direct near net shape casting, the differences in the mechanical properties between the as-cast and annealed strips of a steel with comparatively high contents of impurities were investigated in this paper in terms of the microstructural effects. Here, strip casting is adopted as the direct near net shape casting, since the process is already being applied industrially to some extent. Table 1 shows the chemical composition of the test steel produced by the twin drum caster at the Mitsubishi Heavy Industries Ltd., Hiroshima R&D Center. The contents of the impurities were designed to be slightly higher than those in a normal low carbon steel to simulate the steel scraps. Hereafter, the as-cast strip is referred as the AC strip. The casting speed was 0.333 m/s, the casting temperature was 1846 AE 20 K, the casting weight was 200 kg, and the mold width was 600 mm. The drum supporting force controlled the thickness of the cast strip to be about 3.6 mm. The strip was radiantly cooled on transportation roller tables and coiled at about 1073 K. The cooling rate at the coil center after coiling was about 0.5 K/s. One type of post-treatment, homogenization annealing, was applied to the AC strip to homogenize the microstructure in the fluid argon atmosphere for 1:08 Â 10 4 s at 1473 K and then to furnace cool it to room temperature. Hereafter the treated strip is called the HA strip.
Experiment Procedures

Materials and casting conditions
Analysis methods
Tensile properties of the AC and HA strips in the rolling direction (RD) were measured with a Shimadzu AG-50KNG universal test machine at a strain rate of 2:5 Â 10 À4 s À1 at room temperature. The gage section of these tensile specimens had a width of 10 mm, a length of 30 mm, and a thickness of 3.2 mm. Four specimens were tested for each strip and the tensile properties were determined by the displacement-load curves. The displacement was measured by an extensometer. All the initial displacements to about 10% were successfully acquired though the full range of displacement could not always be obtained for all the specimens. Therefore the analysis of the strain-hardening rate for strains up to about 10% was performed for all the specimens on the displacement-load curves.
The AC and HA strips were cold rolled by reductions of 5%, 10%, 20% and 30% to investigate the work hardening behavior. The dislocation density was calculated from the diffraction profiles by X-ray diffraction.
7) X-ray diffraction specimens were electro-polished to avoid the extra induction of dislocations in the surface layers during the preparation of the specimens. Diffraction profiles of 110, 200, 211 and 220 were measured with a Rigaku HF-2500 X-ray diffractometer using a rotating Co target operated at 40 kV and 300 mA.
The dendrite structure and the microstructure of the strips were observed by optical microscopy on the transverse direction (TD) plane of the strips. Chemical etching was done in a stirred solution with 1 g ferric acid-100 mm 3 picric acid and 3 vol% nitric acid respectively. The strips were cut into the longitudinal direction, and the microstructures were observed with an optical microscope.
Precipitates in the strips were observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Specimens for SEM observation were etched with 3 vol% nitric acid. Thin sliced specimens for TEM observation were cut from a bulk with a thickness of 0.2 mm and mechanically ground to 80 mm. Foil samples of 3 mm were finally prepared by electro-polishing at 50 V in an electrochemical solution containing 5 vol% perchloric acid and 95 vol% methanol at 253 K. Carbon extraction replicas were also prepared through the standard procedures. The polished samples were first etched with 3% nital for about 10 seconds. After a thin layer of carbon was evaporated onto the etched surface, the samples were immersed in the 3% nital for up to 5 minutes. The carbon films were floated off by immersion in distilled water and then collected on molybdenum grids. A beryllium specimen holder was used to avoid the possible detection of Cu from the specimen holder. TEM observation was performed with a JEM-2000FXII microscope operated at 200 kV and coupled to an energy dispersion spectrometer (EDS). Figure 2 shows the stress-strain curves of the AC and HA strips. The tensile properties of the AC and HA strips are listed in Table 2 . The yield strength and the tensile strength of the AC strip are 296 MPa and 468 MPa respectively, both of which are higher than those of the HA strip; 228 MPa and 385 MPa respectively. The value of TS-YS is 170 MPa for the AC strip and 158 MPa for the HA strip.
Experimental Results and Discussion
Tensile properties
The AC strip has a higher YS as well as a larger TS-YS than that of the HA strip even for the impure steel, as shown in Fig. 1 . Furthermore, the present strips have superior balance of strength and work hardening ability to the [2] [3] [4] previous works.
On the other hand, the total elongation and the uniform elongation of the AC strip (26.2% and 16.4% respectively) are slightly lower than those of the HA strip (32.1% and 22.3% respectively).
Figure 3(a) shows the strain-hardening rate changes by the true strain in the AC and HA strips. The change in the strainhardening rate by the true strain shows a small scattering among the four specimens for each strip. The strain-hardening rate is usually characterized by a high rate in the initial stage with lower rates at higher strains.
8) The AC strip had a high initial strain-hardening rate of approximately 6000 MPa, while that of the HA strip was approximately 3000 MPa. The strain-hardening rate of the AC strip is higher than that of the HA strip until a strain of 0.045. At higher strains the strainhardening rate of the AC strip becomes lower than that of the HA strip.
At the same time, Fig. 3 (b) shows that the AC strip has a higher strain-hardening rate than that of the HA strip at a given stress level. Usually, increasing the strength decreases the work hardening ability, 9) which means that the strainhardening rate decreases with an increase in strength. We conclude that the AC strip in this study maintains the high work hardening ability at higher stress levels compared to that of the HA strip. Figure 4 represents the microstructures of the AC and HA strips. Both the acicular ferrites and irregular polygonal ferrites are observed in the AC strip. The AC strip seems to have more irregular polygonal ferrites compared to the other reports 1, 3) where the acicular ferrites generally predominate in the as-cast structure. In the previous works, the acicular ferrite was attributed to the large initial austenite grain size and the high cooling rate of the phase transformation. 1) In the present AC strip, the polygonal ferrite can be attributed to the Yoshida 11) and Umezawa 12) for the high phosphorus containing steel. The irregular and acicular ferrites are converted into a more regular polygonal structure through homogenization annealing, as shown in Fig. 4(b) .
Microstructures 3.2.1 Ferrite matrix
Since the exact quantification of the ferrite grain size in the as-cast steel is difficult to obtain by the normal metallographic methods, Xu 4) used the orientation imaging microscopy (OIM) analysis to measure the size distribution of the ferrite grains. The mean diameters of the ferrite grains in the AC and HA strips were 62.6 mm and 98.2 mm, respectively.
Second phase
A lot of the tiny copper sulfides are observed in the AC strip as shown in Fig. 5 . The mean size is about 15 nm. In the HA strip, the sulfides have grown, and the number of sulfides decreases as shown in Fig. 6 . The sulfides are about 100 $ 800 nm with a mean size of about 200 nm. The second phase particles are believed to be mainly a Cu 2Àx S type in both the AC and HA strips. In the AC strip, the sulfide particle that is larger than 100 nm is usually a type of (Mn, Cu, Fe) S. On the other hand, the sulfide that is less than 50 nm is composed of mainly Cu and S with a little Fe.
The large size sulfide precipitates in the AC strip are shown in Fig. 7 . Most of these large sulfides coexist with silicate and have a complex composition such as (Mn,Cu,Fe)S. They are less than 1 mm and in the range from 500 $ 1000 nm. Since the d II in steel is independent of carbon content but influenced only by the cooling rate, 14) eq. (1) is believed to be applicable to the present case. The secondary dendrite arm spacing was 12 mm at the surface and 25 mm at the center for the AC strip. Therefore, d MnS is expected to be between 1.2 mm and 1.6 mm according to eq. (1). However, the estimated d MnS cannot account for the small size of the present precipitates. The size of the manganese sulfide seems to decrease when it coexists with oxide and copper sulfide.
MnS is more popular in steels as inclusions precipitating on the solidification. However, lower precipitation temperature and higher super-saturation are the promising factors for obtaining smaller precipitates in steels. 15) Figure 8 shows the changes of solubility by temperature for Cu 2 S and MnS in a 3%Si-Fe between 1473 K and 1623 K as reported by Shimatsu 16) and Fiedler. 17) The figure shows that Cu 2 S may have a higher possibility to precipitate at lower temperatures than MnS. Rapid cooling might cause more super-saturation at lower temperatures which implies the finer precipitation of Cu 2 S.
Thus, the copper sulfide seems to precipitate to a smaller size more easily than MnS at the present cooling condition. However, further work is necessary to confirm details such as the lattice structure of the precipitates. Table 3 provides all the data for the precipitates that are discussed here. Table 2 shows that a difference of 68 MPa in yield stress exists between the AC and HA strips. The yield strength can be increased by single or plural strengthening mechanisms: 13) solid solution strengthening, grain refining, and dispersion (or precipitation) strengthening.
Analysis on yield strength
Gladman 13) recommended the modified version of the Ashby-Orowan equation (eq. (2)):
where y is the yield strength, i is the friction stress of iron, T.Shimazu 14) Fig. 8 Solubility of Cu 2 S and MnS in 3% Si-Fe, after T. Shimazu 14) and H. C. Fiedler. 15) c j is the concentration of the jth solute, k j is the strengthening coefficient of the jth solute, d is the grain diameter in cm, f is the volume fraction of second phase particles, and X is the diameter of the second phase particles in mm.
The solid solution strengthening in steel could be calculated as following:
Solid solution strengthening due to Mn and Cu in matrix could be calculated as following:
Assuming the sulfur completely consumed as MnS or Cu 2 S:
(1) In the case sulfur were completely consumed as MnS, the concentration of Mn and Cu as solid solute in matrix is 0.523% and 0.07% respectively. The The cooling rate may have some effect on the solid solute concentrations of C and P. The present AC strip is coiled at 1073 K, so the cooling rates below 1073 K are both slow for AC and HA strips. The precipitation temperature for cementite is usually below 973 K, the segregation in grain boundaries temperature for phosphorus is in the range 673-773 K.
7) The difference in solid solution strengthening due to carbon and phosphorus between AC strip and HA strip is neglected here. From the above analysis, the effect of the solid solution strengthening on the difference in the yield strength between the two strips is believed to be negligible small. Thus, the difference in the yield strength between the two strips can be interpreted as the following:
where the first part shows the contribution due to the grain size and the second part to the second phase particles. The mean grain sizes of the ferrites in the AC and HA strips are 62.6 mm and 98.2 mm, respectively, as previously discussed. Based on eq. (5), the difference in yield strength due to the change in grain size is estimated to be 14 MPa and cannot account for the total difference of 68 MPa. Figure 9 shows the calculation for the increase in yield strength as a function of the volume fraction of the particles 0.0008 2) 0.1736 2) 0. 053 2) 1) for HA strip and 2) for AC strip. Note 1: the number of particles: * indicates few, ** indicates some and *** indicates much. Note 2: X is the mean diameter of characteristic copper sulfide particles, f is the volume fraction of the particles, is the mean spacing between particles. Note 3:
Here N V is the number of particles per unit volume, N S is the number of particles intersecting a random unit cross section, is the standard deviation from X. Volume fraction supposed Fig. 9 The yield strength increase due to various volume fractions and sizes of particles in steel.
according to eq. (5). The increase in yield strength becomes larger by increasing the volume fraction of the particles and by decreasing the size of the particles. The mean size of the second phase particles is about 15 nm in the AC strip and about 200 nm in the HA strip. However, the volume fraction is difficult to obtain and has not been determined yet. The TEM method described by Cahn and Nutting 18) and by Hilliard 19) seems to be fairly appropriate for the present case, but it is too difficult to operate. Other methods like the extraction replica technique by Ashby 20) and by Kisakurek 21) does not seem to be applicable for the present case.
Due to the difficulties of thin foil and extraction replica methods to estimate the volume fraction of particles, a calculation in the equilibrium condition was applied in the present study. Since the HA strip is annealed at 1473 K and followed by furnace cooling, it is reasonable to assume that all the sulfur exist in a copper sulfide form due to the low solubility of sulfur in -Fe at the ambient temperature. Based on the chemical composition of 0.010%S and 0.07%Cu and the density of Cu 2 S (5.785 g/cm 3 ), 22) the volume fraction of copper sulfide is determined to be approximately 0.0009. However, there is no method to calculate the volume fraction in the AC strip.
When the volume fraction of the second particle in the AC strip is assumed to be the same as the HA strip or 0.0009, the difference in yield strength is estimated to be 59.7 MPa as indicated in Fig. 9 . This value overestimates the difference of 68 MPa by a little when 14 MPa is added. When the volume fraction of the second particle is taken to be 0.0008, slightly smaller than 0.0009, the calculated difference becomes 55.8 MPa, which is close to the difference of 68 MPa with the addition of 14 MPa. It is reasonable to assume that there is a greater amount of solid solution of S in the AC strip due to the higher cooling rate. Although further investigation of the details should be conducted, the large difference in yield strength between the two strips can be explained by the major contribution from the second particle as shown in Table 4 .
We conclude that the main reason for the 68 MPa difference of yield strength between the AC and HC strips can be explained by the difference in the size of the second particle between the two strips. Figure 10 shows the change in the dislocation density by the reduction of cold rolling for both strips. The significant result is that the AC strip has a higher dislocation density at a given reduction than the HA strip and the change of the dislocation density by the cold reduction is almost parallel between the two strips. As shown in Fig. 3 , the AC strip has a high initial strain-hardening rate but the change in the strainhardening rate by the true strain is almost parallel in a wide range of strains. In other words, the dislocation density is not high for both strips in the original state without any rolling reduction (usually for as-cast and annealed steel, the dislocation density is 10 12 m À2 ), but the dislocation density can increase more rapidly in the AC strip than in the HA strip with a relatively small reduction and continues to increase gradually at almost the same rate for both strips by further reduction. Figure 11 shows the relationship between the microhardness and the dislocation density. The micro-hardness of the cold-rolled strips is widely accepted 5, 6, 13) as a simple function of the dislocation density and is similar to the following equation:
Work hardening behavior
where f is the applied flow stress at a given strain, 0 is the friction stress on dislocations arising from all the sources except for the dislocation-dislocation intersection, is a numerical constant, G is the shear modulus, and b is the Burgers vector.
The hardness of AC strip and HA strip is sensitive to dislocation density as shown in Fig. 11 . With the dislocation density increasing, both the hardness of AC strip and HA Table 4 The estimated contribution of grain size and particles to the difference in the yield strength between the AC and HA strips. strip also increase. At the same time, the hardness of AC strip increases at higher value stage compared with that of HA strips. Thus the strain-hardening ability is much higher in the AC strip compared to that in the HA strip. Why the AC strip has higher strain-hardening ability could be explained partly by the Ashby theory, [23] [24] [25] which theory has the assumption that hard equiaxed particles do not deform or fracture. The theory assumes that the principal contribution to work hardening is due to the interaction of primary, glide dislocations with the secondary dislocation loops which intersect the slip plane. The principal prediction by the theory is the relationship between the true stress and the true strain ", given by,
where 0 is a constant and related to the initial flow stress, K is a constant of the order of 1, G is the shear modulus of the matrix, b is the Burgers vector of the matrix dislocations, f is the volume fraction of particles, and X is the mean particle diameter.
The strain-hardening rate may be obtained simply by differentiating eq. (7) with respect to the strain,
Equation 9 predicts that at a given strain, the strainhardening rate is proportional to the square root of the volume fraction of the hard particles divided by the square root of the mean particle diameter. Balliger and Glaman 25) used Ashby's theory to investigate the work hardening in a dual-phase strip. They found that increasing f at a given X increases the strain-hardening rate, and also raises the tensile strength level. The net result of simultaneously increasing the strain-hardening rate and the tensile strength is the reduction of the maximum uniform elongation.
In the present case, particles volume fraction, f , is supposed to be almost similar for AC and HA strips and a square root of X for the AC strip is 3.6 times as large as that for the HA strip. This brings about the difference in yield strength between two strips as discussed earlier. In addition, according to eq. (9), quite a big difference in the strainhardening rate might be expected between two strips. However, this does not happen in the experimental data with an exception that the strain-hardening rate at the initial strain rage is fairly high for the AC strip.
The microstructure factors such as substructure are also the most responsible for the straining-hardening rate. Unfortunately, these factors have not been clarified for the present case, and they maybe the reasons for the difference between the expected and actual strain-hardening rate in the present case. But it can be said that the AC strip could not reveal the good work hardening ability without nano-size particles in the AC strip.
Conclusions
The difference in mechanical properties between the ascast and annealed strips of a steel with comparatively high contents of the impurities (Cu, P and S) has been investigated in the present paper with special attention on the microstructural effects. This process not only produced fine microstructures but also resulted in nano-scale copper sulfides. Nano-scale copper sulfides with a size of less than 20 nm and a mean size of about 15 nm were found in the ascast strip; while the copper sulfide particles are 100 $ 800 nm with a mean size of about 200 nm in the annealed strip.
The as-cast strip has higher yield and tensile strengths and maintains the high work hardening ability at higher strength levels compared to the HA strip. Both the as-cast and annealed strips have a superior balance of strength and work hardening ability compared to the strips without the impurities.
The nano-scale copper sulfide particles in the as-cast strip contributed most to the difference in the yield strength between the as-cast and annealed strips. Based on Ashby's work hardening theory, we also concluded that the as-cast strip could not produce the good work hardening ability without the nano-size particles. Further improvements in strength and work hardening ability can be attained by controlling the particles' size and the volume fraction in the strip.
